I. INTRODUCTION
The term 'Geometrical Frustration' denotes a novel class of real systems where the arrangements of magnetic ions in the crystal lattice are such that the spins get frustrated in presence of conflicting exchange interactions resulting a complex magnetic state [1] [2] [3] . On the other hand, 'spin glass' (SG) denotes a group of materials having metastable magnetic ground state associated with cooperative spin freezing in random fashion below a characteristic temperature T f . SG is essentially a manifestation of chemical disorder along with frustration due to random as well as competing magnetic interactions 4 . Due to such proximity between SG and geometrically frustrated (GF) systems, sincere effort has been made in recent years to address an important issue, i.e. whether an SG like ground state can be realized in GF systems in presence of quenched disorder. As a result of rigorous investigations, spin freezing has been revealed in quite a few GF systems, such as SrCr 8 [5] [6] [7] [8] [9] . Notably, some of these compositions show SG freezing even in their stoichiometric form where the amount of quenched disorder is supposed to be negligibly small. Thus, the origin of SG state in a GF material is widely debated, and different models have been proposed to account for that 10 . Apart from the origin, often the nature of the SG state in a GF material is found to be unusual. For example, the non linear susceptibility analysis on Tb 2 Mo 2 O 7 shows unconventional SG state in this chemically ordered GF compound 11 . In case of doped GF sample such as SrCr 8 Chemical substitution in a otherwise stoichiometric GF compound can create random exchange interaction through the breakage or alternation of magnetic bonds. It can also affect the magnetic interaction through the generation of random strains on substitution of atoms of different ionic radii 10 . The situation can be more complicated if the substituting atoms are magnetic in nature, as they can introduce additional magnetic interaction in the system. In this work we have investigated the role of chemical substitution (both magnetic and non-magnetic) on the magnetic ground state of LiCrO 2 .
LiCrO 2 is a well known GF magnet having layered hexagonal stacking along the c axis [13] [14] [15] [16] . It is a quasi two dimensional magnetic oxide with extremely weak interlayer interaction. Recently our group has reported the development of large electric polarization on Cu substitution at the Li site 17 which is associated with enormous magneto-structural transition. The Cr 3+ ions in LiCrO 2 remain within edge-sharing distorted CrO 6 octahedra and it results a layered arrangements of Cr ions separated by Li + and O 2− . The magnetic frustration in this compound arises due to triangular arrangements of Cr 3+ (S = 3/2) ions in the basal plane coupled with each other through AFM type interaction. The compound shows a complex double-Q 120
• AFM ordering below T N = 62 K 18 , although the Curie-Weiss temperature is substantially high (θ CW = -700 K) 16 resulting a large frustration factor F = |θ CW |/T N = 11.3. The 2D triangular network in LiCrO 2 provides us a good opportunity to study the effect of chemical substitution on the magnetic ground state.
II. EXPERIMENTAL DETAILS
Polycrystalline samples of LiCr 1−x Mn x O 2 (x = 0.0, 0.02, 0.05, and 0.1, hereafter denoted by undoped, Mn2, Mn5, and Mn10 respectively) and LiCr 1−x Ga x O 2 (x = 0.1, hereafter denoted by Ga10 ) were prepared as described elsewhere 15 . Powder x-ray diffraction (Cu K α ) was carried out on all the samples which are found to be single phase in nature having rhombohedral crystal structure (space group: R3m). The estimated lattice parameters of the undoped sample are a = 2.92Å and c = 14.43Å, which are very close to the previously reported values. DC magnetization (M ) measurements were performed between 2 and 300 K using a Quantum Design SQUID magnetometer and a cryogen free high magnetic field system from Cryogenic Ltd., U.K. The heat capacity was measured on Quantum Design Physical Properties Measurement System using relaxation technique. Element mapping was performed in a high resolution transmission electron microscope (TEM) from JEOL.
III. RESULTS AND DISCUSSIONS
The T variation of M for doped and undoped samples is depicted in fig. 1 . Measurements were performed in zero-field-cooled (ZFC) and field-cooled (FC) conditions under an applied magnetic field of 100 Oe. Both ZFC and FC curves of LiCrO 2 increase gradually below 300 K and show a peak around T p = 75 K which signifies the onset of AFM transition as reported earlier 13 . Below 15 K, M shows a sharp upturn with decreasing T . Such upturn in low dimensional magnetic systems is often attributed to paramagnetic impurities and/or broken chain effect 19, 20 . A bifurcation between ZFC and FC curves appears below T irr ∼ 250 K for the pure sample. In LiCrO 2 , such irreversibility was reported earlier and it was attributed to the formation of frozen magnetic clusters having short range magnetic correlations 13 . On Ga doping (see the M -T curve of Ga10), the overall behavior of the thermomagnetic curve remains almost unaltered. Although, the peak becomes broader with a lowering of T p (65 K). The magnitude of M decreases slightly in case of Ga-doped sample.
In contrary, Mn doping at the Cr site causes considerable change in the magnetic properties of LiCrO 2 . Figs M . For undoped, Ga10 and Mn2 samples M irr becomes non-zero below about 250 K, 285 K and 280 K respectively, whereas for Mn5 and Mn10 samples, it is negligibly small down to 50 K and 20 K respectively. However, below this temperatures M irr rises sharply for Mn5 and Mn10 indicating large thermomagnetic irreversibility (see table I ). Such low temperature rise in M irr is absent in other samples and it signifies a different mechanism for the observed irreversibility in these two compositions. Fig. 2 (a) depicts isothermal field dependence of M at 3 K for all the samples. For the undoped and Ga10 samples, the M -H data is linear and does not show any hysteresis. This signifies strong AFM character. M (H) of the Mn-doped samples show slight non-linearity especially at the high field region with curvature increasing with increasing Mn concentration. The magnitude of M is found to rise with Mn doping, while for 10% Ga doped sample it is almost same as of the undoped sample. Fig.2(b) emphasizes the low field region of M (H) curves of the Mn doped samples. Interestingly, the presence of hysteresis can be observed in Mn5 and Mn10 compositions with a systematic enhancement of coercivity with Mn content (see table I ).
An SG like sate is generally characterized by a free energy landscape with innumerable numbers of nearly degenerate ground state configurations separated from each other by potential barriers of random height (landscape of random potential wells) 21 . A signature of such scenario is the presence of magnetic relaxation, which occurs due to the passage from one metastable state to another with time. Fig.2 (c) depicts normalized M vs. time(t) data for the Mn and Ga doped samples at 3 K. To record this data, samples were first zero field cooled from 300 K, and a field of 100 Oe was switched on. All the Mn-doped samples show the presence of finite relaxation with the magnitude getting higher with Mn concentration. However, we failed to observe any measurable relaxation in undoped and Ga10 sample. These relaxation data in Mn-doped samples are found to be best described by a modified stretched exponential law [22] [23] [24] [25] ,
where, M i is the initial magnetization, M r is the amplitude of the metastable part, τ is the time constant
Evidently, the signature of metastability in Mn -doped samples are not visible in the undoped or Ga-doped samples. It thus seems that the magnetic ground state in nonmagnetic Ga-doped sample is different from that of magnetic Mn-doped counterparts. A possible way to distinguish a glassy metastable state from a long range ordered one is through magnetic memory measurements. We performed field stop field cool (FSFC) memory in M (T ) measurement on the Mn and Ga doped samples (see fig.3 ) 30, 31 . In this protocol, sample was first field cooled from 300 K down to 5 K with intermediate stops of 3600 s each with the magnetic field being reduced to zero during each stop (denoted as M stop ). After cooling, the samples were subsequently heated back to 300 K without any stop in presence of H (denoted as M mem ). A system with frozen/blocked spins (or spin clusters) is expected to show anomalies in the heating curve at the same temperatures where the sample was allowed to age during cooling. We do not observe any such anomalies in Ga10 and Mn2 samples (figs. 3 (a) and (b) respectively) at the stopping temperatures. On the other hand M mem curves for Mn5 and Mn10 (figs. 3(c) and 3(d) respectively) show anomalies in M mem with clear changes in slope at the stopping positions. The anomalies associated with the memory effect is found to be much stronger in Mn10 sample.
Although the existence of FSFC memory effect is a convincing signature of a frozen or blocked magnetic state, it cannot distinguish between a spin glass and superparamagnet. In order to resolve this issue, memory measurement in ZFC condition was performed on Mn10. Here the protocol remains almost the same as of FSSC baring the fact that the cooling was performed in zero field with a stop for 18000 s at 12 K. 12 K. This feature gets much more prominent in the difference curve as shown in the inset of fig. 3(e) , where a dip can be seen with its minimum at T stop = 12 K. The appearance of ZFC memory in Mn10 signifies that the substitution of Cr ions with Mn disrupts the AFM order and turns on a spin glass like magnetic ground state. It is now pertinent to know the nature and origin of SG state in Mn10 sample, particularly to what extent it corresponds to a conventional SG state. We addressed this point through heat capacity (C) measurements on both Mn10 and Ga10 samples as depicted in fig. 4 . In the C versus T data [see fig. 4(a) ], a clear anomaly around 45 K is observed in both the samples which signifies the long range AFM transition. Apparently the C vs. T data of two samples look identical, however a careful look brings out some subtle differences which are important to characterize the magnetic ground state of these compositions. The magnetic contribution to the specific heat (C mag ) has been calculated by subtracting the lattice contribution (C latt ) from total heat capacity C. Here C latt has been estimated from the heat capacity data of isostructural non-magnetic compound LiCoO 2 taken from reference 32 followed by proper scaling as prescribed by Bouvier et al 33 . (left axis) shows the C mag /T versus T plot. T N in both the samples are seen as a broad peak around 45 K (this resembles well with the reported C mag /T versus T data of pure LiCrO 2 13 ). A marked difference is observed between C mag /T data of Mn10 and Ga10 below T N . For Ga10, C mag /T smoothly decreases with decreasing T , whilst C mag /T shows a shoulder like feature below about 14 K in Mn10. This feature matches well with the FC-ZFC bifurcation temperature T irr in the M (T )data of the same sample.
We have carefully examined the low temperature part of C mag of both the samples as depicted in fig. 4(b) . A higher value of C mag is observed for the Mn10 sample. In Mn10, the larger value of the magnetic entropy (S mag ) calculated from C mag (see inset of fig. 4(b) ) is related to the excess magnetic disorder. For an AFM sample with linear ω − q dispersion relation of magnons, one expects C mag to vary as T 3 at low-T . A predominant T 3 dependent C mag is found for Ga10, which signifies an ordered AFM state. We have fitted the observed C mag data of Mn10 and Ga10 samples using the relevant algebraic expressions and it brings out some novel information regarding their respective magnetic ground states. For Ga10, it is found that a simple T 3 is unable to provide a good fit to C mag below 14 K. Rather an equation C mag = a 1 T + a 3 T 3 provides the best fit to the data with a 1 = 3.6 mJ(mol)
Since these samples are highly insulating, an electronic origin of linear T term in C mag can be ruled out. Such linear T term is likely to have magnetic origin and probably it denotes some disordered magnetic state. Now turning to Mn10, C mag shows a linear behavior below 14 K, which corresponds an SG state (since the sample is an insulator)
34 . An upward curvature is observed below about 3 K in the C mag (T ) data of Mn10. The linear part between 12 and 3 K, if extrapolated, hits the abscissa at a positive finite value of T . Such finite intercept and low-T curvature are previously observed in several canonical SGs 21, 34 . C mag between 12 and 3 K was fitted by an algebraic formula C mag = b 0 + b 1 T with b 0 = -127.66 mJ(mol)
The SG state in Mn10 sample is of reentrant type, which develops out of an AFM ordered state. Occurrence of reentrant spin glass (RSG) in AFM system, albeit fewer in number than its FM counterpart, are well documented in the literature [35] [36] [37] [38] . It has been argued that Mn 3+ -Cr 3+ interaction can be FM type particularly when the metal atoms are in octahedral oxygen environment [39] [40] [41] [42] [43] . Substitution of Mn at the Cr site can give rise to random FM bonds in the otherwise 120
• non-co-linear AFM structure of LiCrO 2 (see fig. 5 ). In the random field model of RSG as proposed by Aeppli et al., 44 presence of spatially uncorrelated conflicting magnetic bonds can destroy the long range FM ordering through the emergence of random microscopic field. The system then attains a frozen non-ergodic state similar to conventional spin glasses. An equivalent scenario can occur when an AFM ordering is destroyed resulting a reentrant glassy state, which would be appropriate for the present Mn-doped LiCrO 2 sample. Similar argument was actually provided in case of AFM spin glass observed in Cr doped manganites 35 .
A cartoon of the 120
• AFM spin arrangement on a 2D hexagonal lattice is depicted in fig. 5(c) . Substitution of one magnetic impurity (dashed spin in fig. 5(d) ) at the center of the hexagon with nearest neighbor FM interaction (similar to Cr-Mn FM bond in Mn doped LiCrO 2 ) can destroy the ordering arrangement through the development of conflicting sense of interactions. If such substitutions are spatially random, the system will never attain an order arrangements of spins (like the regular GF system without quenched disorder) and may lead to a glassy state.
It has long been argued whether the ground state of an RSG system is truly spin glass like or SG state coexists with the long range ordered state [45] [46] [47] [48] . Unlike Ga10, we do not observe any T 3 term in the C mag versus T (expected for an AFM state) plot below 14 K of Mn10. This indicates that the ground state of Mn10 is truly SG type without any coexisting AFM component. Doping of magnetic atoms often results superparamagnetic like phase due to the clustering of dopant atoms (as in CuMn or Au-Fe alloys 22 ). In that case one would expect a T 3/2 term in the C mag versus T plot due to intra-cluster FM coupling. 49 A clear linear variation of C mag in Mn10 ruled out the possibility of any superparamagnetic clustering effect. We physically examined the sample using high resolution transmission electron microscope for element mapping, where the spatial distribution of the elements present in the sample can be observed. Our data (see fig. 5 ) does not indicate any clustering of Mn atoms even down to the nanometer scale. It is generally believed that a true RSG state exists only in a magnetic system below three dimension 45 and thus Mn10 can be regarded as a novel example of such complete reentry for its layered quasi-2D structure.
IV. CONCLUSION
We would like to conclude by comparing our result with the recently published work on doped ZnCr 2 O 4 , where a quasi-spin glass state is observed on small amount (1% to 5%) of Ga doping 50 . The quasi spin glass state is characterized by thermomagnetic irreversibility and a linear term in the C versus T data. The authors argued that the substitution of Ga at the Cr site creates quasi-spins which give rise to some degree of non-ergodicity. For our case even 10% Ga doping does not give rise to a true spin glass state. However, it should be noted that a linear-T part is indeed present on top of the cubic part in C mag of Ga10. The coefficient of linear term is 3.6 mJ(mol)
which is substantially smaller than the linear term in Ga doped ZnCr 2 O 4 (9.6 and 47.6 mJ(mol) −1 K −2 on 1% and 5% Ga doping respectively). Ga10 is certainly not a spin glass, but it resembles to some extent with the quasi spin glass state reported in doped ZnCr 2 O 4 . Both LiCrO 2 and ZnCr 2 O 4 are GF magnetic systems, although they are quite different as far as the crystal structure (layered and cubic spinel respectively) and dimension of magnetic interaction (quasi-2D and 3D respectively) are concerned. ZnCr 2 O 4 undergoes first order phase transition paving the path for disorder through strain field distribution 51, 52 . These factor may enhances the chances of added metastability in case of Ga doped ZnCr 2 O 4 .
Summarizing, a true SG state is only observed in LiCrO 2 on Mn doping at Cr site, whilst similar Ga doping does not lead to an SG state. The 10% Mn-doped sample shows a true reentrance of SG phase in an otherwise AFM state. It appears that random magnetic impurities are essential for the development of an glassy magnetic state in this GF compound. This is quite different from the case of other GF systems where very small non-magnetic impurity can turn the system to a glassy phase. Therefore, it seems that there is no generalized rule for the development of glassy state in a GF system. SC wishes to thank CSIR (India) for his research studentship. The funding from CSIR (grant number: 03(1209)/12/EMR-II) for the present work is thankfully acknowledged. The authors also like to thank the Low Temperature & High Magnetic Field (LTHM) facilities at UGC-DAE CSR, Indore (sponsored by DST) for heat capacity measurements.
